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Abstract 
In the present study the plasticity parameters in the Johnson Cook plasticity model are determined on the basis of process 
parameters in orthogonal cutting by use of inverse analysis.  Previously established links between material parameters and process 
parameters in the cutting process such as chip thickness ratio, cutting forces, temperatures, deformation zones, is used serve as a 
starting point in the inverse analysis. The material AISI 4140 is simulated using the model employed in [1], the Johnson Cook 
parameters being changed within an interval of ±30 %. The inverse analysis is performed using a Kalman filter. The material model 
for the reference point is validated on the basis of the experimental results in [1], the model being shown to predict the process 
parameters with a high level of accuracy. The attempt is made to establish a link for materials having cutting process characteristics 
that are similar between certain process parameters and the Johnson Cook parameters in order to be able to predict the input 
parameters to FEM models using experimental data from a cutting process 
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1. Introduction 
Various mechanical properties such as elastic 
constants, flow stress and fracture stress and strain, serve 
as material parameters in constitutive models. These 
parameters and various thermo-physical constants, such 
as density, thermal conductivity, heat capacity, and the 
contact conditions at tool–chip and tool–workpiece 
interfaces are decisive for the reliability of the numerical 
models employed.  The Johnson–Cook plasticity model 
is widely used to simulate the machining process. 
Orthogonal cutting using the Johnson–Cook plasticity 
model has been simulated by many researchers with use 
of FEM simulation various aspects of the machining 
process were investigated in this way in [2,3]. FEM 
simulation of manufacturing processes has been found to 
be a cost effective method of analysing such processes, 
its serving to keep the amount of experimental work and 
the resources needed at a minimum. This is in the line 
with use of a sustainable production approach.  
A drawback in the use of FEM to simulate a cutting 
process however, is the lack of input data to the material 
models involved. There is thus a need of establishing a 
robust link between experimental data and the material 
parameters of the FEM model. Achieving this would 
reduce considerably the efforts needed to find input 
parameters to FEM models. 
How the material parameters used in the Johnson 
Cook plasticity model affect the process parameters of 
the cutting process, such as chip compression ratio, 
cutting forces, temperatures and deformation zones was 
investigated in [4]. For simulation of the cutting process, 
even in a simplified orthogonal case, one can identify 
about 30 different parameters of interest related to tool 
development and analysis of the machinability of the 
workpiece material. The material that was simulated was 
AISI 4140 where the model used in [1] being employed 
and the Johnson Cook plasticity parameters being 
changed within the interval of ±30 %. The present study 
was carried out to obtain a better understanding of how 
the Johnson Cook parameters should be changed within 
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a material group having cutting process parameters that 
are similar. 
In the work reported on here, the variation of the 
process parameter obtained is studied and a polynomial 
function of the fourth order being interpolated. An 
inverse analysis using a Kalman filter is performed in 
order to determine the plasticity material parameters in 
the Johnson Cook model. To validate the method and the 
estimated JC-parameters, a new FEM simulation of the 
cutting process was carried out, the process parameter 
obtained being compared with the reference values. 
2. Inverse Analysis 
The Kalman filter, [5] is an inverse analysis technique 
used in many engineering applications. The algorithm is 
utilized here to estimate five unknown material 
parameters in the Johnson-Cook plasticity model on the 
basis of four experimentally measured cutting process 
parameters. In the formulation employed, the five 
unknown parameters are represented in state vector form 
as࢞௧= (At,Bt,Ct,nt,mt)T. At time t=0 the initial estimates 
are assigned where ܠ଴ = (A0,B0,C0,n0,m0)T and the 
equation that follows is used to make subsequent 
estimates: 
࢞௧ ൌ ࢞௧ିଵ ൅ ࡷ௧ൣ܌௑േଵହΨ െ ࢊ௧ሺݔ௧ିଵሻ൧   (1) 
ࡷ௧ is the Kalman gain matrix, ܌௑േଵହΨ is the vector 
containing the process parameters that are simulated and 
ࢊ௧ሺݔ௧ିଵሻis the vector containing the process parameter 
computed unknown for the estimates made for the 
previous increment. The Kalman gain matrix is 
computed as 
ࡷ௧ ൌ ࡼ௧
߲ࢊ௧
߲࢞௧ ܀௧ି
ଵ 
ࡼ௧ ൌ ࡼ௧ିଵ െ ࡼ௧ିଵ ቀడࢊ೟డ࢞೟ቁ
் ൬డࢊ೟డ࢞೟ ࡼ௧ିଵ ቀ
డࢊ೟
డ࢞೟ቁ
் ൅ ܀௧൰
ିଵ డࢊ೟
డ࢞೟ ࡼ௧ିଵ (2) 
The Kalman gain matrix is multiplied with the 
differences between the simulated and the computed 
process parameters to provide corrections to the 
unknown-state material parameters. For five material 
and four process parameters, the size of the Kalman gain 
matrix is 5x4, ߲ࢊݐ߲࢞ݐ being a 4x5 matrix containing the 
gradients of ࢊ௧ with respect to the material parameters. 
In addition, ࡼ௧  is the ‘simulation covariance matrix’, 
related to the range of the unknown material parameters 
at increment t, and ܀௧  is the ‘error covariance matrix’, 
related to the size of simulated error. ࡼ௧  is updated at 
each step, whereas ܀௧ is prescribed at the beginning of 
the iteration. Since the convergence rate of the Kalman 
algorithm is sensitive to the values of ࡼ௧  and ܀௧  it is 
essential that these two matrices be properly assigned. 
The initial simulation covariance matrix ࡼ଴ and the error 
covariance matrix ܀௧ are set to 
ࡼ଴ ൌ
ۉ
ۈ
ۇ
ሺοܣሻଶ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
ሺοܤሻଶ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
ሺοܥሻଶ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
ሺο݊ሻଶ
Ͳ
Ͳ
Ͳ
Ͳ
Ͳ
ሺο݉ሻଶی
ۋ
ۊ
 
܀௧ ൌ ൮
ܨ௖ଶ
Ͳ
Ͳ
Ͳ
Ͳ
ߣ௛ଶ
Ͳ
Ͳ
Ͳ
Ͳ
ߛூூூଶ
Ͳ
Ͳ
Ͳ
Ͳ
ߠூଶ
൲    (3) 
Here, ሺοܣሻଶ , ሺοܤሻଶ ,…, ሺο݉ሻଶ  denotes the predicted 
ranges of the unknown material parameters. In the 
current analysis the diagonal components of ܀௧  are 
chosen on the basis of the simulated process parameters. 
The Kalman filter procedure was implemented in 
MATLAB. The inverse analysis requires certain 
knowledge regarding the relationship between the 
material parameters and the process parameters. The link 
between these was established in [4], this link also being 
presented in section 5.1 here. 
3. Material Model 
The workpiece was modelled as consisting of the 
AISI 4140 material, a cemented carbide material being 
used for the tool. The general thermal and mechanical 
properties are presented in detail in Table 1. Since the 
specific heat of the workpiece material is highly 
temperature-dependent a temperature-dependent model 
was employed, presented in [1]. 
Table 1. General thermal and mechanical properties of the material. 
Properties Workpiece Tool Units 
Density 7850 12000 [kgm-3] 
Young's modulus 219 540 [Gpa] 
Poisson's ratio 0.29 0.22 
Thermal expansion 13.7 4.7 [μm m-1K-1] 
Melting temperature 1820 - [K] 
Bulk temperature 300 300 [K] 
Thermal conductivity 42 40 [W m-1 K-1] 
Specific heat capacity - 203 [J kg-1 K-1] 
3.1. Constitutive law 
The material model employed here is the Johnson 
Cook plasticity model, developed by Johnson and Cook. 
This constitutive relationship is commonly employed in 
modelling orthogonal cutting with use of FEM, since 
due to its being strain rate and temperature dependent it 
has a strong effect on the strain/stress relationship in the 
machining process. The constitutive law is given by 
ߪ ൌ ሾܣ ൅ ܤሺߝ୮ሻ௡ሿ ቂͳ ൅ ܥ ቀகሶ ౦கሶ బቁቃ ሾͳ െ ߠ
כ௠ሿ  (4) 
ߠכ ൌ ቀ ఏିఏబఏ೘೐೗೟ିఏబቁ     (5) 
where ߪ  is the equivalent stress, ߝ୮  is the equivalent 
plastic strain, ɂሶ୮ is the equivalent plastic strain rate, ɂሶ଴ is 
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the reference strain rate, ܣ is the initial yield stress, ܤ is 
the hardening modulus, ܥ is the strain rate dependency 
coefficient, ݊ is the strain-hardening exponent, ݉ is the 
thermal softening coefficient, ߠ  is the process 
temperature, ߠ௠௘௟௧  is the melting temperature and ߠ଴  is 
the bulk temperature. The plasticity parameters are 
presented in Table 2. 
Table 2. Johnson-Cook plasticity model parameters. 
A [Mpa] B [Mpa] C n m 
595 580 0.023 0.133 1.03 
3.2. Chip separation criteria 
In the present study the Johnson Cook damage law is 
used to model the chip separation. The cumulative 
damage law is given by 
ܦ ൌ σ൬οఌ౦ఌ೑ ൰     (6) 
where ܦ is the damage parameter, οߝ୮ is the increment 
of the equivalent plastic strain and ߝ௙  is the equivalent 
strain at failure. According to the Johnson-Cook model, 
οߝ୮ is updated at every load step and ߝ௙ is expressed by 
ߝ௙ ൌ ቂܦଵ ൅ ܦଶܦଷ ቀ௉ఙቁቃ ቂͳ ൅ ܦସ ቀ
கሶ ౦
கሶ బቁቃ ሾͳ ൅ ܦହߠ
כሿ (7) 
where ɂሶ୮  is the equivalent plastic strain rate, ɂሶ଴  is the 
reference strain rate, ܲ ߪൗ  is ratio of the hydrostatic 
pressure to the equivalent stress and ߠכ  is defined by 
Eq. (5). Failure occurs when the damage parameterܦ, as 
given in Eq. (6) reaches 1. When this condition is 
fulfilled within an element, the stress component is set to 
zero and remains zero for the rest of the calculation. The 
damage parameters are presented in Table 3. 
Table 3. The Johnson-Cook damage model parameters. 
D1 D2 D3 D4 D5 
1.5 3.44 -2.12 0.002 0.1 
3.3. Tool-chip interface contact 
The contact interaction in machining has two distinct 
zones: sliding and sticking friction. The sticking friction 
appears around the tool tip, due to the high pressures in 
that region. Since there the frictional stress is greater 
than the yield stress of the material, deformation occurs 
inside the workpiece material instead of sliding at the 
contact surface. For the rest of the contact interface 
sliding friction takes place. This has been modelled by 
use of Coulomb's friction law, setting an upper bound to 
the frictional force and using the region in which the 
maximum frictional stress is produced to model the 
sticking region, which is defined by 
ቄ ߬௙ ൌ ߤߪ௡߬௙ ൌ ߬௠௔௫
ߤߪ௡ ൏ ߬௠௔௫
ߤߪ௡ ൐ ߬௠௔௫    (8) 
where ߪ௡  is the normal stress along the tool-chip 
interface, ߤ is the friction coefficient, ߬௙ is the frictional 
stress and ߬௠௔௫  being the maximal value of the frictional 
stress, ߬௠௔௫  is assumed to be equal to the yield shear 
stress of the material ߬௒ , where ߬௒  is calculated as 
߬௒ ൌ ߪ௒ ξ͵Τ , where ߬௒ and ߪ௒ are the yield stress values 
of the material for simple shear and under tension stress, 
respectively, ߪ௒ being defined by the parameter ܣ in the 
form of the Johnson Cook model employed. The friction 
coefficient is set to 0.4. Since the mechanisms behind 
the friction problem are not fully understood this friction 
model has been employed for reasons of simplicity. 
3.4. Heat generation and heat transfer between the tool 
and the chip 
There are two sources of heat generation in the 
machining material: plastic deformation and friction. 
Most of the plastic deformation energy is converted to 
heat. In the present study the percentage was taken as 90 
%, this has been used in previous studies. Since the heat 
generated by friction is assumed to be fully absorbed by 
the material, the fraction of the heat generated by friction 
is set to 1.0, this having been used in previous studies. 
The percentage of the deformation energy is probably 
closer to 100 % than to 90 % since the elastic part is 
close to being negligible. In simulating the heat flow 
between the tool and the workpiece a thermal boundary 
condition was defined. 
The heat conduction between the tool and the 
workpiece is pressure-dependent. The heat conduction 
coefficient ݄ is defined as a function of the pressure in 
accordance with Table 4. 
Table 4. The pressure-dependent heat conduction coefficient. 
ܲሾሿ 0 30 180 300 420 600 
݄ ൤ ଶ൨ 
 
5 
 
18 
 
87 
 
222 
 
410 
 
500 
The conductive heat transfer between the contact 
surfaces is defined asݍ ൌ ݄ሺܲሻሺߠ஺ െ ߠ஻ሻ, whereݍ is the 
heat flux per unit of area crossing the interface from 
point A on the one surface to point B on the other,ߠ஺ 
and ߠ஻ being the temperatures of the points on the 
surfaces, and ݄ሺܲሻ being the heat conduction coefficient. 
4. Finite Element Model 
The orthogonal cutting process was simulated by use 
of a 2D model in ABAQUS/Explicit v6.11-3, a fully 
coupled thermo-mechanical analysis being performed. 
The ALE formulation with use of Lagrangian boundary 
conditions was employed in this model. The workpiece 
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length was taken to be 5 mm and its height to be 2 mm. 
The cutting tool had a clearance angle ߙ of 5°, a rake 
angle ߛ  of 0°, an edge radius of  ݎఉ  = 50 μm, and a 
height and length of 2 mm, the cutting speed ݒ௖ being set 
to 260 m/min. The uncut chip thickness ݄ଵ was set to 0.1 
mm for all of the simulations. 
5. Results 
Of the approximately 30 results parameters obtained 
in an FEM simulation 4 of the parameters were selected 
as input to the inverse Kalman analysis. These input 
parameters were selected due to the resources required 
for determining them with the required accuracy, though 
experimental studies being at a minimum. 
The process parameters that were selected for use in 
constructing the polynomials in the Kalman filter were 
the following: 
x Primary cutting force, ሺܨ௖ሻ 
x Chip thickness ratio, ሺߣ௛ሻ 
x Maximum strain in the 3rd deformation zone, ሺߛூூூሻ 
x Temperature after the primary zone, ሺߠூሻ 
The variation found in each of these parameters with 
use of the Johnson Cook plasticity parameters is 
presented in the subsection that follows. The data for 
each process parameter, shown as a function of the 
Johnson Cook plasticity parameters was fitted by use of 
a 4th degree polynomial. These polynomials make up 
the solution path of the Kalman filter. "Ref" in Fig 1-4 
represents the output data given by the reference 
material. 
5.1. Variation of the process parameters variation with 
the Johnson Cook plasticity parameters 
The cutting force was obtained as the sum of the 
contact forces of all of the nodes in the interaction area 
that were active. Fig 1 shows how the primary cutting 
force varied with the five different plasticity parameters.  
Since the chip compression ratio varied somewhat 
within each simulation, no mean value over the steady 
state phase was determined. Rather such a value was 
obtained for one specific frame within the steady state 
phase. Fig 2 shows how the chip compression ratio 
varies for each of the five different plasticity parameters. 
The maximum strain for the 3rd deformation zone 
was determined as the mean of the maximum strains on 
the newly formed surface. Fig 3 shows how the 
maximum strain in the tertiary zone varies with the five 
different plasticity parameters. 
 
 
Fig 1. Variation in the primary cutting force for the Johnson-Cook 
plasticity parameters. 
 
Fig 2. Variation in the chip compression ratio for the Johnson-Cook 
plasticity parameters. 
 
Fig 3. Variation of the maximum strain in the tertiary zone for the 
Johnson-Cook plasticity parameters. 
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The plastic deformation and the friction lead to a rise 
in temperature in the workpiece material primarily in the 
deformation zones. The workpiece material is subjected 
to rapid increase in temperature as it passes through the 
primary deformation zone. The temperature ߠூ  is taken 
as in each case the mean of the temperatures in the 
middle of the chip just after it has passed through this 
zone. Fig 4 shows how the temperature in the chip just 
after it has passed through the primary zone varies for 
each of the five different plasticity parameters. 
 
Fig 4. Variation in ߠூ  with each of the Johnson-Cook plasticity 
parameters. 
5.2. Solution path of the Kalman filter 
As a verification of the Johnson Cook parameters that 
are the output of the Kalman filter the result vector 
܌௑േଵହΨ  for the FEM simulations ܣ -15 %, ܤ +15 %, 
ܥ+15 %, ݊-15 % and ݉+15 %, were taken as inputs to 
the filter. Since the Kalman filter minimizes the 
Euclidean norm ห܌௑േଵହΨ െ ࢊ௧ห  here, the tolerance for 
this norm was that it should be less than 0.01. The 
solution path for the chip compression ratio, ߣ௛  and 
maximum strain in zone III, ߛூூூ  for vector ܌஻ାଵହΨ are 
shown in Fig 5. The initial values for the vector ࢊ௧ are 
the process parameters for the reference material, ܌଴ . 
The Johnson Cook parameters that the Kalman filter 
gave as output are shown in Table 5. As can be seen 
there the Johnson Cook parameters given by the Kalman 
filter are not the same as those used in the FEM 
simulations, that produced the process parameter 
vectors,܌௑േଵହΨ . This indicates there to be no unique 
solution for any of the sets of process parameters, a 
result which appears reasonable since an 
underdetermined system is involved. 
 
Fig 5. Solution path of the Kalman filter for the chip compression ratio 
and the maximum strain in zone III. 
 
Table 5. JC-parameters given by the Kalman filter compared with the 
JC parameters used in the FEM simulations. 
 ܠ଴ ࢞ଵே௘௪ ܠ଴ ࢞ଶே௘௪ ܠ଴ ࢞ଷே௘௪ 
A 85% 90% 100 % 102 % 100 % 96 % 
B 100 % 96 % 115 % 113 % 100 % 104 % 
C 100 % 95 % 100 % 99 % 85 % 88 % 
n 100 % 103 % 100 % 99 % 100 % 99 % 
m 100 % 102 % 100 % 102 % 100 % 97 % 
 ܠ଴ ࢞ସே௘௪ ܠ଴ ࢞ହே௘௪ 
 
A 100 % 102 % 100 % 102 % 
B 100 % 99 % 100 % 101 % 
C 100 % 99 % 100 % 93 % 
n 100 % 108 % 85 % 94 % 
m 115 % 112 % 100 % 93 % 
 
5.3. Validation 
As a validation of the Johnson Cook parameters that the 
Kalman filter produced as outputs ࢞௜ே௘௪ , these 
parameters were used in the material model of the FEM 
model which produced the process parameters, ܌௜ே௘௪ as 
shown in Fig 6. These ܌௜ே௘௪  were then compared with 
the process parameters given by FEM in the 
simulations: ܌஺ିଵହΨ ,܌஻ାଵହΨ ,܌஼ିଵହΨ ,܌௠ାଵହΨǡ ܌௡ିଵହΨ . 
As can be seen in Table 6 there is rather close agreement 
between the process parameters given by the two sets of 
Johnson Cook parameters. This validates the Kalman 
filter being able to predict how the Johnson Cook 
parameters change in the material model in materials 
belonging to the same material group as the reference 
material. 
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Table 6. Comparison of pairs of simulations that would be expected to 
give identical process parameters with use of the Kalman filter, 
original data dx, recreated data dNew, reference data d0 and the model 
error in percent Eme. 
 dx 
܌஺ିଵହΨ 
 
܌ଵே௘௪ 
 
܌଴ ܧ௠௘ ൌ
ห஺ିଵହΨǡ௝ െ ݀ଵǡ௝ே௘௪ห
஺ିଵହΨǡ௝
 
ܨ௖ 240 240 251 0.0 % 
ߣ௛ 1.98 2.13 1.87 7.6 % 
ߛூூூ 2.36 2.36 2.29 0.0 % 
ߠூ 640 680 649 6.3 % 
൫ܨ௙൯ 108 108 120 0.0 % 
  
܌஻ାଵହΨ 
 
܌ଶே௘௪ 
 
܌଴ ܧ௠௘ ൌ
ห஻ାଵହΨǡ௝ െ ݀ଶǡ௝ே௘௪ห
஻ାଵହΨǡ௝
 
ܨ௖ 270 271 251 0.4 % 
ߣ௛ 1.91 1.93 1.87 1.0 % 
ߛூூூ 2.27 2.29 2.29 0.9 % 
ߠூ 679 672 649 1.0 % 
൫ܨ௙൯ 126 127 120 0.8 % 
  
܌஼ିଵହΨ 
 
܌ଷே௘௪ 
 
܌଴ ܧ௠௘ ൌ
ห஼ିଵହΨǡ௝ െ ݀ଷǡ௝ே௘௪ห
஼ିଵହΨǡ௝
 
ܨ௖ 248 249 251 0.4 % 
ߣ௛ 1.90 1.97 1.87 3.7 % 
ߛூூூ 2.29 2.28 2.29 0.4 % 
ߠூ 635 652 649 2.7 % 
൫ܨ௙൯ 114 116 120 1.8 % 
  
܌௠ାଵହΨ 
 
܌ସே௘௪ 
 
܌଴ ܧ௠௘ ൌ
ห௠ାଵହΨǡ௝ െ ݀ସǡ௝ே௘௪ห
௠ାଵହΨǡ௝
 
ܨ௖ 262 260 251 0.8 % 
ߣ௛ 2.09 2.02 1.87 3.3 % 
ߛூூூ 2.36 2.41 2.29 2.1 % 
ߠூ 679 672 649 3.4 % 
൫ܨ௙൯ 126 127 120 2.6 % 
  
܌௡ିଵହΨ 
 
܌ହே௘௪ 
 
܌଴ ܧ௠௘ ൌ
ห௡ିଵହΨǡ௝ െ ݀ହǡ௝ே௘௪ห
௡ିଵହΨǡ௝
 
ܨ௖ 246 243 251 1.2 % 
ߣ௛ 1.81 1.78 1.87 1.7 % 
ߛூூூ 2.21 2.19 2.29 0.9 % 
ߠூ 630 639 649 1.4 % 
൫ܨ௙൯ 121 122 120 0.8 % 
 
Fig 6. Validation principle used in the Kalman Inverse procedure. 
6. Conclusions 
The study shows it to be fully possible, through 
employing an inverse procedure based on use of a 
Kalman filter, metal cutting experiments can be used to 
determine the input to FEM simulations in the form of 
JC-parameters. The principle involved assumes there to 
be a reference simulation of a well-known workpiece 
material belonging to the same material group and 
showing similar metal cutting behaviour to have been 
carried out; in this connection see the principles 
employed in the polar diagrams used for determining 
potential machinability [6,7]. The robustness of this 
method has not yet been examined for experimental data 
from any other material in the same material group. 
Although the study shows the method to be able to 
predict JC-parameters this concerns degree accuracy of 
only about 7.6 % of the process parameters that have 
been measured experimentally. 
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